earthquake. This temporal correlation with the preced'mg earthquake suggests that the seismic cycle (lower seismicity after a major earthquake and higher seismicity before the next major earthquake) should be interpreted as a response to the first earthquake rather than a precursor to the second. Southern California is now at a rate of seismicity as low as it experienced in the 1950s and 1960s.
Introduction
The concept of the seismic cycle, a recurring pattern of low seismicity after, and higher seismicity before the major earthquakes in a region, has been prevalent in seismology for many years [e.g., Imamura, 1937] and has been proposed for at least one cycle, in the Kuriles [Fedotov, 1968] , California [Ellsworth et al., 1981; Reasenberg and Simpson, 1992; Sykes, 1996] , and Japan [Mogi, 1969; 1981; Shimizaki, 1978] . Some interpret it as a steady-state background level followed by an increase in seismicity as the stress in a region accumulates towards a great earthquake, sometimes estimating the time to the next earthquake from the time of the'onset of'the higher rate of seismicity [Mogi, 1981 ] . Others [Ellsworth et al., 1981; Harris and Simpson, 1996] have suggested that the post--earthquake decrease may be the significant signal. The difference is more than semantic. If the post-earthquake decrease is the only significant signal, variations in seismicity are only responding to past activity. Conversely, if the significant signal is the precursory increase, we would have evidence that the preparatory process of large earthquakes is different from that of smaller earthquakes, a necessary requirement for earthquake prediction.
The catalog of southern California earthquakes is one of the most complete and consistent available, and includes two major (M>7) earthquakes. This study analyzes that catalog for evidence of a seismic cycle associated with these earthquakes. We apply statistical techniques to assess when significant changes in southern California seismicity have taken place. We document how the rate of earthquakes (excluding aftershocks) changes and the temporal and spatial correlation between the rate of seismicity and the occurrence of major earthquakes. With this, we evaluate possible physical causes of variations in seismicity.
Data and Analysis
We analyzed the earthquake catalog of the Southern California Seismographic Network (SCSN), a joint project of California Institute of Technology (Caltech) and U.S. Geological Survey (USGS), for evidence of a seismic cycle related to its two largest (M27) earthquakes. The SCSN has been in operation since the 1920s and the catalog is complete at magnitude 3 since 1932 [Hileman et al., 1973] Reasenberg [1985] that does not impose arbitrary windows in space and time to define aftershocks, but rather searches the data itself to recognize earthquake clusters. By doing so, we do not deny the importance of aftershocks in strain release, but rather allow .th e opportunity to investigate other changes in seismicity rate. This process must be critically evaluated because inadequate declustering of aftershocks can cause spurious rate increases, and overclustering (removing background seismicity as aftershocks) will look like a decrease. To evaluate the effect of the declustering process on the results, we created three artificial catalogs for comparison. In the first, the clustering algorithm was modified to severely undercluster the catalog (leave aftershocks as independent events), in the second the algohthm overclusters (remove many background events), and in the third, the region of the Landers earthquake (with many aftershocks and many background events) was not included.
We evaluate changes in seismicity rate with the [l-statistic, the difference between the rate during a subset of time minus the expected rate (assumed as the average rate for the whole time (Fig. 3) . Both mainshocks reduce the seismicity in their immediate vicinity, as expected if strain affects the seismicity level. This effect is enhanced by the declustering process (what would have been background seismicity is clustered into the aftershock sequence). However, the catalog without the Landers region (Fig.  2) shows the same rate variations, so this is not the sole cause of the rate change. Much of the remaining variability in seismicity rate does not scale with the stress change in the mainshock but rather occurs within an east-striking band across the Transverse Ranges. The Kern County earthquake lowered the rate both near its fault in the western Transverse Ranges and in the eastern Ranges (Fig. 3a) . This region experienced the largest increase when the seismicity rate rose in 1969 (Fig. 3b) . The Landers earthquake also reduced the seismicity in the eastern Ranges and in much of southwestern California including the Peninsula Ranges and the Los Angeles area (Fig. 3c ).
The seismicity rates are compared to the long-term average in These results demonstrate a statistically significant change in the rate of seismicity in southern California, consistent with many previous reports of seismic cycle. Some previous studies assumed that increased seismicity before a large earthquake must be precursory to that events, implying a causal relationship, but this is not necessary. Large earthquakes relieve tectonic stress and remove energy from the system, through rock fracture, frictional heating, and seismic radiation. A cyclic seismicity pattern could be a decrease following each major earthquake with a later return to normal seismicity. Harris and Simpson [ 1996] demonstrated an approximately 50-year quiescence after the 1857 Fort Tejon earthquake and Ellsworth et al. [ 1981 ] pointed out that the only statistically significant variation in the seismic cycle around the 1906 earthquake was the decrease following that event.
Three aspects of the cycles observed here suggest they are a response to the first earthquake rather than a precursor to the second. First, the rate of seismicity does not increase toward the time of the major earthquake. Rather, the rate is constant from 1969 to 1992, implying a steady-state condition. Second, although a seismic cycle is evident in these data, neither the Kern County nor the Landers earthquake could be considered a plate boundary event. A tenet of the traditional seismic cycle hypothesis is that the tectonic stress in a region is controlled by the failure cycle of the controlling fault of that region, yet two earthquakes on very minor geologic structures produced significant changes in the seismicity of the type cited as evidence for a seismic cycle.
Third, the duration of the lowered seismicity roughly corresponds with the moment of the preceding earfllquake. The moment of the Kem County has been estimated at 1.2 x 1020 N-m [Stein and Thatcher, 1981 ] -2.0 x 102øN-m [Hanks et al., 1975] and reduced the seismicity for 17 years. The 1857 Fort Tejon earthquake is estimated to be about 3-4 times larger [Mo=5.3-8 x 102øN-m; Sieh, 1978] Southern California may very well produce large or major earthquakes during the quiescencesthe rate of seismicity is reduced by one-third, not eliminatedwbut such major earthquakes would be more probable after the return to the higher rate of seismicity. Of the 12 M_>6 earthquakes in the last 5 decades, 9 or 75% have occurred in the 56% of the time with higher seismicity rate, but 3 did occur in the "quiet" times.
Although the rate of small earthquakes decreases in response to the two major earthquakes, this response is not a simple elastic response. This variability in rate of seismicity along the Transverse Ranges is consistent with the pattern of seismic release documented by Press and Allen [1995] , who showed that tlu'ust, oblique-slip, left-lateral, and other faults have been most active for the past two decades. They proposed a change in direction of the plate motion as the cause of this change. It may be that the moment release in the large earthquakes causes realignments of the fault blocks and microplate motions, not well explained by the elastic response of a half-space. The Transverse Ranges, next to the Big Bend of the San Andreas fault, may be more responsive to seismic moment release and the accompanying minor realignments of the plate motion. This is shnilar to the "seismic knots" of Sykes and Seebet [1985] but does not require that these regions be stronger than other parts of the plate boundary.
A true precursor, if found, would imply that 1) something happens in the crust before an earthquake can begin; and 2) that something is different for big earthquakes than for small events. The analysis presented here, however, suggests a non-precursory model of the seismic cycle. Plate motion produces a long-term accumulation of seismic moment. When a large earthquake removes energy from the system, the seismicity rate decreases until the moment has reaccmnulated. At the higher, normal rate, earthquakes are more common and a rupture that propagates into another major event is more probable. This pattern can continually repeat with no precursory relationship between the seismicity rate and future events.
